To treat the charm-quark dynamics properly, the relativistic heavy quark action is employed. Applying the HAL QCD method to the meson-meson systems, we extract the s-wave potentials between two mesons in lattice QCD simulations, from which the meson-meson scattering phase shifts are also calculated. The phase shifts in the isospin triplet (I=1) channels indicate repulsive interactions, while those in the isospin singlet (I = 0) channels suggest attraction, growing as m π decreases. This is particularly prominent in the T cc (J P = 1 + , I = 0) channel, though neither bound state nor resonance are found in the range m π = 410 − 700 MeV.
Introduction
One of the long standing challenges in hadron physics is to establish and classify genuine multiquark states other than ordinary baryons (3 quark states) and mesons (quark-antiquark states) [1] . In particular, one can expect the candidates of multiquark configurations for charmed tetraquarks (such as T cc (ccūd), T cs (csūd)) and bottomed tetraquarks (such as T bb , T bc , T bs ) [2, 3, 4, 5] , since, in these channels, the so-called "good" diquark,ūd in the color 3, spin-singlet (S=0), and isospinsinglet (I=0) channel, due to the large attraction betweenū andd generated through a gluon exchange can be formed [6] .
However, predictions for the binding energies of charmed tetraquarks widely spread, ranging from negative values (resonance) to 100 MeV (deeply bound) with respect to the two-meson thresholds, depending on the details of the dynamical models [7, 8, 9, 10] , and lattice QCD (LQCD) in heavy quark limit [11, 12] . Therefore, a quantitative prediction for charmed tetraquarks requires a careful study in full LQCD with a finite charm-quark mass 1 .
In this study, we search for the charmed tetraquarks for both iso-singlet and iso-triplet T cc (J P = 0 + , 1 + ) and T cs (J P = 0 + , 1 + ) whose lowest meson-meson thresholds are D-D, D-D * ,K-D and K-D * , respectively. By applying the HAL QCD method to extract hadronic interactions [15, 16, 17, 18, 19, 20, 21, 22, 23, 24] to charmed meson-meson systems, which was recently shown to be quite accurate for the calculation of meson-meson scattering phase shift [25] , we report our first results on the potentials in the s-wave D-
We also employ the relativistic heavy quark action [26] to treat the dynamics of the charm quarks. Then the meson-meson scattering phase shifts are derived from the corresponding potentials calculated on the lattice by the HAL QCD method.
This paper is organized as follows. In Sec. 2, we present the HAL QCD method to extract the potential between two mesons and then show the numerical setup of our lattice QCD simulations. In Sec. 3, we show our numerical results for the potentials, scattering phase shifts and scattering lengths obtained from three different quark masses. Sec. 5 is devoted to discussions and a summary.
HAL QCD method and numerical setup of LQCD simulations
We start with the two-meson correlation function defined as 
, and ellipses represent inelastic contributions. Let us consider t sufficiently larger than t src. that the contributions from elastic scattering states and possible bound states remain while those from inelastic states become negligible. Then, from the NBS wave function, we define energy-independent HAL QCD potentials below inelastic threshold [16, 18] as
for all elastic eigenstates n, where
is the dual basis of the NBS wave function φ n ( r). Since the HAL QCD potentials U( r, r ) are energy-independent by definition, a normalized correlation function R( r,t) = F( r,t)e (m 1 +m 2 )t satisfies [17] (
where the non-relativistic approximation that
2 ) is used. This approximation is not necessary if we allow time derivatives of higher order in Eq. (2.4), which, however, are found negligible for the systems investigated in this paper. By projecting R( r,t) onto the s-states using A + 1 representation of the cubic group, we finally obtain the leading order s-wave potentials of the velocity expansion as
To extract the s-wave meson-meson potentials in Eq. (2.5) from LQCD simulation, we employ (2+1)-flavor full QCD gauge configurations generated by the PACS-CS collaboration [27, 28] As for the charm quark, we employ a relativistic heavy quark (RHQ) action proposed in Ref. [26] , which is designed to remove the leading and next-to-leading order cutoff errors associated with heavy quark mass, O((m Q a) n ) and O((m Q a) n (aΛ QCD )), respectively. In our simulations, we take the same parameters as in Ref. [29] . The obtained charmed meson masses from the simulation are listed in Table 1 . We have checked that the dispersion relation of the 1S charmonium states at our heaviest pion mass, m π ∼ 700MeV, gives a reasonable value of the effective speed of light, c eff = 0.987(2).
Meson-meson potentials and scattering observables
In Fig. 1, we show the results of the s-wave meson-meson potentials in the following channels related to T cc and T cs with J P = 0 + , (J P = 1 + , I = 0, 1), andK-D * (J P = 1 + , I = 0, 1). We find that all the potentials in the I = 1 channels are entirely repulsive (Fig 1(left) ). This observation is consistent with the absence of goodūd diquarks in the I = 1 channels. We also find the weak quark mass dependence of the potentials. Therefore, it is unlikely that the potentials in these channels turn into strong attractions to form bound states even at the physical quark mass. While in the I = 0 channels, we find the attractive potentials at all distances, as shown in Fig 1 (right) . Such attractions are again consistent with the existence of goodūd diquarks in the I = 0 channel, as discussed in the Introduction.
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To investigate the possible existence of bound states or resonances in the I = 0 channels, we fit the potentials in Fig. 1(right) with five-range-gauss analytic functions and solve the Schrödinger equation with the fitted potentials. Fig. 2 shows the resultant s-wave scattering phase shifts as a function of the meson-meson center-of-mass energy in the Table 2 , we give the corresponding scattering lengths. (27) 0.335(68) 0.245 (27) indicates that there are no bound states or resonances in this range of pion masses, m π = 410 ∼ 700 MeV. Meanwhile, the low-energy meson-meson attraction in the I = 0 channel becomes stronger as the pion mass mass decreases, as shown in Table 2 . This is particularly so for the D-D * (J P = 1 + , I = 0) channel, which corresponds to T cc (J P = 1 + , I = 0). Since the potentials for D-D * and K-D * are not so much different, as seen in the left three panels of Fig. 2 , a faster increase of the scattering length as a function of the pion mass in the D-D * channel than in theK-D andK-D * channels can be attributed to the smaller kinetic energy due to double charmed D-D * system. A similar tendency has also been reported in studies of phenomenological models (see e.g. [7] ).
Although we find a good evidence of a sizable attraction in the I = 0 channel at m π = 410 ∼ 700 MeV, the existence of a bound or resonant T cc (J P = 1 + , I = 0) at the physical point remains an open question 2 .
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Summary
We have studied the s-wave meson-meson interactions in several I = 0 and I = 1 channels
, using (2+1)-flavor full QCD gauge configurations generated at m π = 410 ∼ 700 MeV, in order to look for the possible existence of bound charmed tetraquark states (T cc and T cs ). For the charm quark, we have employed the relativistic heavy-quark action to account for its proper dynamics on the lattice.
The s-wave meson-meson energy-independent potentials are extracted from Nambu-Bethe-
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Search for possible bound T cc and T cs on the lattice Yoichi Ikeda Salpeter wave functions using the HAL QCD method. The energy-independent HAL QCD potentials are then used to calculate scattering phase shifts and scattering lengths. The s-wave mesonmeson interactions in the I = 1 channels are found to be repulsive and insensitive to the pion mass in the region we explored, so that tetraquark bound states are unlikely to be formed even at the physical pion mass. On the other hand, the s-wave interactions in the I = 0 channels show attractions in theK-D, D-D * andK-D * channels, which are qualitatively consistent with the phenomenological diquark picture. The s-wave scattering phase shifts and scattering lengths in these attractive channels indicate, however, that no bound states or resonances are formed at the pion masses used in the present study, m π = 410 − 700 MeV, though attractions become more prominent as the pion mass decreases, particularly in the I = 0 D-D * channel corresponding to T cc (J P = 1 + , I = 0). For a definite conclusion on the fate of T cc and T cs in the real world, simulations near or at the physical point are necessary. We are planning to carry out such simulations with the PACS-CS (2+1)-flavor full QCD configurations with coupled-channel schemes [30, 31] .
